Neutrino Detectors:
Current Techniques, Future Challenges

CHRIS WALTER, DUKE UNIVERSITY

The intensity frontier offers a unique path Lectures at Fermilab throughout 2009 will address
to the heart of 21st-century particle physics.  topics including neutrino physics, muon physics,
Fermilab will play a leading role in putting hadron physics and innovative accelerator and
advanced accelerator and detector technolo-  detector technologies for the intensity frontier.
gies to work for intensity-frontier experiments.

Lectures will be held at Fermilab’s Wilson Hall,
One West. A reception will follow each lecture.

A Fermilab lecture series on
. Physics at the Intensity Frontier
4& Fermilab @ENERGY  www.fnal.gow/ExtremeBeam throughout 2009 |

Fermi National Accelerator Laboratory
Thursday May 7th 2009
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Neutrino Detectors: The Facts of Life

Make it big!
Rate = Flux(E) * x-section(E) * Target
Make it big! It’s really small.
Sometimes not well known!

Concrete Example: Atmospheric neutrinos
( ~ 1 GeV neutrinos on water nucleons in Super-K)

1 y 6 x 10738 em? interactions o 6 x 1032 nucleons o 86400sec 995 ki 10 interactions
cm?2sec nucleon kton day ' on day
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§ S * Beam oscillation physics
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55, <°* Proton decay

w S 3 . .

2 55 |* Supernovae prompt + relic neutrinos
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How can we optimize for each of these topics?
What are the detector requirements?
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Neutrino x-sections (a topic of their own!)

More energy: More Particles!
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MINOS / Magnetized Tracking

- )

/m/ Scintillator strip

M16 PMT

2.5 cm steel, 1.3T field
4.1x1 cm extruded scintillator
With WLS fiber.



OPERA Nuclear Emulsion

Uses ECC (Emulsion Cloud Chamber)

With automatic scanning
+ Magnetic spectrometer.

Signal N Emulsion layers
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After 1.5 years

Block installation done.

Electronic trackers point
Back to bricks.

...a charm candidate!
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T2K / Water Cherenkov

Non Segmented water Cherenkov Detector. No B field.

" Far detector: Super-K .. = %
: , S On and off-axis

yoke

Magnet
hybrid near coils
b, detectors
—
v beam

) Tracker
Pi-zero

Detector

» 50 Kton Water Chernkov Detector
» >11,000 PMTs read out by QTCs

» Image processing for
reconstruction




Nova — Low Z calorimeter

* 15 kton “totally active” liquid scintillator detector
Low Z tracking calorimeter: tracking + allow time for photons to

convert and showers to develop.
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Scintillation/Hybrid Detectors

Minerva
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V 40:
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- event: 319 Data
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Read out by M64
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Same Particles: Different Detectors

Super-Kamiokande

LIQUID ARGOi\l
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As an exercise for
NPSS07. Ed Kearns
asked three groups to
simulate the same
particles in their
detectors.

GREAT!

Monte Carlo Vectors

proton 691 MeV/c
pi0 1442 MeVic
gamma 245 MeVic
gamma 1204 MeVi/c
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Project-X to DUSEL (LBNE)

120 GeV fast extraction spill
1.5 x 10 protons/1.4 sec
2 MW

8 GeV extraction
1 second x 2.25 x 10 protons/1.4 sec
200 kW

ecycler
3 linac pulses/fill

Main Injector

1.4 sec cycle
8 GeV H- Linac

I9mAx 1 msecx 5 Hz

Stripping Foil Single turn

transfer @ 8
GeV

0.6 GeV 0.6-8 GeV ILC
Front End Style Linac PROJECT-X
Linac

Deep Underground Science
DUSEL and Engineering Laboratory @t Homestake, SD

6 % Empire State
Buildings

-

|
IR
| N
|

|

|

Shallow

Mid-level ¥

Deep ) 3
Campus

Biology

& 18077 T 1,
© « \ Q @ v+, Am; >0
: \B \ g 30430 10 * PoT

O ©
O &
PR

/ < LET’S MEASURE CP
A (Q VIOLATION!
N

Jh oSNNS
0.02 0.04 0.06 0.08 0.1

x  true value
— 68% CL
— 95% CL

T

0.12 014 0.16

sin? 20

Later Dirty Campus

Early Clean Campus

\

\
Later Clean Campus

y
3M Detector aray

Early Dirty Campus

WATER CHERENKOV AND/OR
LIQUID ARGON HERE AT 4850FT.



Measuring CP Violation and Hierarchy

Schematic fiqures

LA L L L B L L L L B

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

For appearance three main types of background:

intrinsic v,,, misidentified m°, mis-identified charged u

%7 anti-v,
#7 background v,
—— signal v,

Measure the electron appearance
probability on top of a background

llll[Illlllllllllllllllll

Reconstructed v Energy

In DUSEL project we want a really high

intensity beam and large mass > 100kton to
get a good event rate. We need to measure
the electron appearance probability in both

(%) Auqeqoid oumnau-iuy
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s~ Do this with both a neutrino and
—  Anti-neutrino beam.

~
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— Normal
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Neutrino Probability (%

Changing CP moves you around the circles.

- Use Project-X

- We know how to build large WC
detectors for “cheap”.

- If we can figure out Liquid Argon

neutrino and anti-neutrino beams.
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Examples of these Backgrounds in WC
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Cherenkov Radiation [

Cherenkov light is emitted when a charged particle, like
a muon or an electron goes faster than the speed of light
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shockwave, in a cone along the direction of particle motion. e s s i

in some medium. The Cherenkov light is emitted like a

TPV T TP U T O T T OO e

Hypersonic Jet Reactor Core

Moving faster than the speed Electrons moving Particles moving
of sound in air makes a sonic boom. faster than c/nin faster than c/n make
water make light. cones of light.
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E_Reconstruction (assuming QE)

e — = | myE, — mi/Q

my — Ey, + py cos(6,)
In Water Cherenkov detectors not every

particle is above Cherenkov threshold. Luckily, my = Neutron Mass

in a Quasi-Elastic reaction, even if only the muon is visible

E,, = Muon Energy

we can reconstruct the neutrino energy!
m,, = Muon mass

[ Case for most events in K2K/T2K Energies ]
pp = Muon momentum

: . , _ 0,, = Muon angle wrt beam
If the interaction is non Quasi-Elastic then the

reconstructed energy will be incorrect. Challenge:
In LBNE the energies are higher. [More later]
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Matthew Earl thesis (Boston University)

Super-Kamlokande
wn ve

b) Tube hits in 8-¢ space -

Ring Counting
O

6 (degrees)

=L
T

L
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Times (ns) _90 1 . |> -~ 1
0 ¢ (degrees) : '
-e) Contour map-of Hough™™
iﬁnsgormgin 8-¢ space
Not-hit PIT Unequal size B
) Hit PMT close peaks can §
® purcorespondingto pe difficultto ©
’ ircle
deal with.
Circles overlap 9
in center of fing corresponding
10 direction of particle

PMT array

Also handles ring fragments!
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Telling Electrons from Muons

ELECTRON

NEUTRINO
EssEEEmmn electron
" shower MUON
NEUTRINO

EEEEEEE s UON

Compare 47N A
profile of ring e ' :’
against a y - -
shape N : .
likelihood. L rRE o

Electrons bremstrahlung Thickness gives momentum

and pair produce making many Muons move forward

producing a single cone
of light.

particles each making light.



- Start from single e-like
ring with no decay
electrons.

- Assume there is a 2"
ring from a pizero decay
somewhere in the event.

- Make a e-like pattern
(including scattered light)
and move it around until
you get the best fit.

- Check the invariant
mass of the
reconstructed pizero and
likelihood and decide
whether there was a ring
or not.

05/07/09

Pattern of Light Fitter

Optimized to find weak 2"d ring from asymmetric decay
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What happens at DUSEL energies?

—
—_—

Final efficiency _ (Fannie Dufour)
Precuts efficiency:
E . (GeV) 0-0.35 0.35-0.85 0.85-1.5 1.5-2.0 2.0-3.0
vu CC precuts eff: nan 0.5% 0.6% 0.8% 0.9%
NC  Precutseff: 20% 26% 26% 22% 18%
ve Precuts eff: 94% 80% 61% 46% 36%
Fraction of QE is smaller
Likelihood efficiency: at higher energy
E__(GeV) 0-0.35 0.35-0.85 0.851.5 1.5-2.0 2.0-3.0
v CC Likelihood eff: 10.4% 25.2% 25.6% 11.1% 14.6%
I
NC Likelihood eff:  10.9% 22.1% 23.4% 24.6% 34.9%
Ve Likelihood eff: 87.1% 80.8% 78.6% 72.6% 73.2%
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- Polfit doesn’t work as well by itself above a few GeV. (gammas get close)
- F. Dafour combined it into a likelihood with other variables designed
to remove background and was able to get good performance.
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How much photo coverage?

We would like as much mass as possible, With as low a threshold as
possible. More mass -> bigger cavern -> more PMTs for the same
threshold. PMTs are a major cost driver.

Data: 1 GeV neutrinos from a beam

Super-Kamiokande
anr 1128me29
seam

Super-Kamiokande
Run 21700 Swlk 23 Be 1071431

wun 22BE xv
3 .

tooes: LBES hitw, BESES

/
/ @20
KEK Baam . |
direction marked m
by diamond B |[
u 1
q
a 5 aa




PDK MC: Multi-ring, or less energy is harder

Tmes (ns)

+ 0O

P—e™m
Bkg and efficiency
almost the same

236 MeV/c
muon

Almost Same Bkg
Eff(20%)/Eff(40%) ~ .8
[Shiozawa NNNOS§]

P— K v




Can we put Gadolinium into the tank?

The anti-neutrino tag would allow us to search for and study:
« Supernova burst neutrinos
* Relic Supernova neutrino flux.

« Atmospheric Antineutrino tag (useful for hierarchy studies)

ve\p rl O\ Currer;t R&D
_’ * Water purification system
‘ ”

* Transparence / Material

stability.

A Gd E \  Design of a test tank at the
e \Y Kamioka lab.

%ssibnitv 2: 90% or more

n+Gd —~8MeV vy

AT =~30 usec
o )
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Hybrid Photodetectors (HPDs)

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment
Volume 579, Issue 1, 21 August 2007, Pages 42-45

b Q
C Enliva &
~ q>) Q Nans 52" dari4
5001 RS 30750104
HPD ., S o
< photocathode Y
-~ o " 2
photo electron " Bombardment Gain} L. 400 B p-e.
H (pe) s L '8
# B x - E | 0
. _“Avalanche Gain | =3 300 Je 3p.e.
avalancHe diod ‘ =2
) (AD) . ~30ormore - I A
Bias !
- S 200}
( Total Gain ‘ ! BJ, 0D\ electrons

L ~105 L
100}

o-lll I[IIIIIlllllllllllllllllllllll1!I Il
20 0 20 40 60 80 100 120 140160 180
Q [electron]

Q(e<pulse height)

* No dynode structure
* High gain at first stage give very good single

13inch HPD photon sensitivity.
Airhara group at the * Fast(~1ns)
Univerisity of Tokyo * Less gain (need good low noise preamps)
With Hamamatsu e Need ~20kV of HV
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Picosecond Timing Project

http://psec.uchicago.edu/

Exploring the possibility of a cheap, large area,
high resolution, fast photo-detector.

s
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- D 3 = CI
e | | T —
S aare 355 - SSs ‘Eﬂn o4
sy e , “slbenysesn i
- J \ 4
‘ f
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/ \

Window Photocathode

~ -
MCP Anode I

Henry Frisch and others at
the University of Chicago /

ANL / other universities, labs *

and companies.
05/07/09

Build PMT structure into pores with dynode
material defined in rings.

Capacitively couple into transmission lines.

Hope for cost-per-unit-area reduction to be
competitive with PMTs for this application.
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High Quantum efficiency tubes.
A. Karle, UW-Madison

New high quantum
efficiency 10” tubes are
becoming available from
Hamamatsu.

These allow you to buy less
tubes.

IceCube has tested 78 new
tubes (at -40C / 405nm)
and saw an increase of 38%

relative to the standard QE.

Chris Walter FNAL Extreme Beam Lecture
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Power/ Cables

Orsa
PMm? : large p%o¥odection area

PMm2"” (2006 - 2009), funded by the
ANR : LAL, IPNO, LAPP and Photonis

eplace large PMTs (20") by groups of
smaller ones (12")

- central 16¢ch ASIC (PaRISROC)
- 12 bit charge + 12 bit time

- water-tight, common High Voltage
~ Only one wire out (DATA + VCC)

- Target low cost

-~ Reuse many parts from MAROC &
SPIROC

pplication : large water
Cerenkov neutrino

C. de La Taille - microelectronics at OMEGA-LAL 24

+ underwater electronics/HV distribution + wireless readout?
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Liquid Argon TPC — An electronic bubble chamber

NC misidentified events: y low energy 1 - 03 <

<+——— 33 MeV + ) \
- 477 MeV p —) K Y € /
(% T '-t‘..“/

Vertex

/\.\ - o
,\ Maonte Carlo

All particles are seen in
LAR. In this proton decay
the kaon would be below
Cherenkov threshold.

Backgrounds missed in WC can be seen in LAR.

Example from T2K 2KM studies: Vectors of NC
BG in a WC detector simulated in LAR.

Resolution given by wire spacing ~ 3mm
( comparable to Gargamelle bubble size)
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Nucleon Decay Limits
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10
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Studies suggest 100 kt LAR = 300kt WC
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antilepton + meson

Soudan Frejus Kamiokande IMB Super-K

1 et g aaaal PR T

33
10 10
/B (years)
SUSY modes have Kaons.

LAR efficiency is ~ x6 WC

(Note: SK ~ 150 kton yr)
Go BIG to make a big improvément



T600 Installation*

lcarus Status
n f ’;.' —t 18670, ,/&/}‘._,.f--"'

4
¥ ¥
l

1.8m

- High Voltage Feedthrough
- Cathodes

- Field Shaping Electrodes
- Voltage degraders

- Electron drift Directions

- Readout Wire Chambers

43m Wire

June 2008

v

- Inner Liquid Argon Vessel
- Thermal Insulation Panels
- Signal Feedthrough Chimneys 7 5

N U &WN -

(;hfié’/Walter FNAL Extreme Beam Lecture
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Staging in the US

Liquid Argon TPC R&D program in the US

Yale TPC® _ <:, Prograrn underway

Luke & Bo

Filling =3 D) IS <— Spring2008 ,”iq -
this week! ArgoNeuT |

(ricroBooNE ) NSRS < Data : 2011

7 5KT \1_

far (=1 Data: ~2015-2016

MxN=100kT |*°**

(T Data 20??

o

Bonnie Fleming @ HEPAP

05/07/09 Chris Walter FNAL Extreme Beam Lecture
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Argoneut

FIRST ARGONEUT g i
EVENT : l

Aug, 9th, 2008

. p : o Y
Collection View : x = | T, |
240 wires : : :

¥ Tinte = = ' \

* .3 Tons /500 Channels /~ 150 events/ day
* Gain experience with long term underground running.

* Large sample for experience with reconstruction.
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Microboone ~2011

* Physics experiment to
study the MiniBoone low-
energy excess.

« Will study several R&D 70 ton fiducial
issues:

 Purityof Arina
cryostat without
pumping down to
vacuum first.

* Low temperature
CMOS based low-
noise electronics
inside of cryostat.
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Drift length and Purity

As detectors get larger, the distance that the electrons can drift
becomes critical.

FNAL now ‘ X I
has a materials i
purity test stand. '

Can check the
effect of materials omal
in the detector J Lt
along with |
various purification
schemes.

. - -
© & g0 ArSpace Vacuum
3
z
2 T
o : .5

- A

H20 Malecular Sizve 02 Fiter
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LAR at DUSEL?

The plan is for a

Modular approach.

I g~ US group is now 4
"o Studying various options.
Only three unique parts:
Total 2048 parts [ /
g [ —
E A
(@R
&
)
x
L
() L]
-
O ——
Skt liquid argo
Details of a single test cell H an gu O Wa ng TPC e
100T Module ——

UCLA
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Glacier

A different approach:
LNG tank based
detectors.

Electronic

Charge readout plane racks

Charge readout with

extraction & o - Low cost electronics
amplification for long

drifts

LAr
purification

Field shaping
electrodes

Grelacher voltage - JuyeRmees (-HV) : UV & Cerenkov light Large area DUV sensitive
ltipli to MV 3 erenkov lig
muLper up o An d re RU b b I a readout photosensors




Towards the GLACIER detector

. A. Rubbi
Towards a large detector: CERN IDS Mesting 327

Small prototypes at KEK, Bern, ETHZ NOW: ArDm 1 ton prototype

Have shown LEM readout. : a— .
_g;;"““ s s g o | ! g :I/
gzzo eoo§ = 7 ) ) - e e

200 mi __'va» - =¥ . : ! . ..~,/_ T 1 1

180 Mg ; 1} e ~— 4 : ; |

1HE Jﬂ? | . ) 5

- - S e o

120 = E -

100 o :

e R — o |

0 5 10 15 20 25 30

# strip
Unprocessed double LEM readout.

!—_-Fﬁ'

] Tl e a\ SN
e ghetector, = Field shapers .

e T 1 \

Filling now (1/2 full on 6t")
Test HV system upto 400kv
Instrument with LEMs by end of year
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tanks.

Leverages certified LNG More R&D

No readout wires / Use
LEM readout.

Need very long drift path.

Currently there is an active
R&D program with Swiss/
France/Spain/Japan/UK

Next: proposed 3.9 ton beam test
(in CERN North Area)

* Direct long drift
measurement.

e Simulate 10-20 m drifts by
reducing E field.

* High Voltage tests (~500Kv)

Next stage: 1kton engineering ARGOTUBE: external dewer / infrastructure

demonstration in neutrino beam. ready. Inner detector in procurment phase.
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Measuring oscillations with a neutrino factory.

Need sign
measurement

ORPHANACGE ) 004
ol cast-off mascots V%

U —e +‘./_e+v" > 'u—ﬂ
@ ;"_‘ “““““ "Z_).Lf

H —e +v,+v, Golden Mode

U e +vy+v_e » o ﬁ
@ A rV, e

+ + e,
pret v, +v,

Platinum Mode

¢3MIT VAON

¢3IMITT SONIN



T1*  Detection of neutrinos in a
massive MINOS like
14m
detector

V beam

[ B=1T

iron (4 cm)  + scintillators (1cm)
Need muon mis-id at the 103 level
Current thinking: two 100kton modules at 4000 and 7500 km.

TASD

A Nova like detector
e e aia s N With minerva like
Technology.

For low-E NF ~ 35kton.

Wait! What about the sign?



Magnetize the hall”!

Injection Molded Ultem
Cold Pipe Support Ring

50K Trace Cooling
Invar Tube —

Invar Cryopipe —_ Extruded Aluminum
Vacuum Jacket
Aluminized Mylar

Superinsulation

NbTi / Copper
Superconductor —
Braid

Extruded Aluminum
50K Thermal Shield

Copper

Braid \

"\_ Perforated Invar
Flow Liner & Support

Make solenoid with

super-conducting

(for a field strength

05/07/09

14/Nov/2006 16:39:27

Surface contours: BMOD

T 2.424281E+000

 2.000000E+000

[~ 1.500000E+000

[~ 1.000000E+000

[~ 5.000000€-001

" 7.356890E-004

VLHC
ransmission
of 2 T)

7ok

A

RAEED
%

SSRGS
RS
SRR
YR

Ine.
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LAR or emulsion in a magnetic field”?

Could a superconducting First events in a B-Field (.55T)
solenoid magnetize a large New J.Phy.7 (2005) 63
LAR detector? NIM A 555 (2005) 294

First events in B-field
(B=0.55T):

XVSs.y ‘Entries 1495
-§1-00
What about an Magnetic Electronic =00
Cloud Chamber (MECC)? This is o N
emulsion in a magnetic field. 20f zocevﬁmw .
LAVINA NUFACTO8 of - 5,,_,!, B ) [

, . . 20PN Do N
First pion beam test of MECC in “oscevn'.‘.’.f‘_‘.‘.’." 0T osgev i
B field. e
(C. Fukushima, M. Kimura, S. Ogawa, H. Shibuya, eof 01
G. Takahashi, T. Hara and K. Kodama, paper in preparation) TR T R R T P

%00 80 60 <40 20 0 20 40 60 B0 100
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INO Experiment

(Steel and RPCs)

Goal A 50-100 KT detector with charge identification capability
* Two phase approach:

PUSHEP Rammam

A

[2m

16m —>~ g [6m = < om =

FERMI LAB
(104801

Physics with Atmospheric Neutrinos
* Determination of 0,

Physics with Neuftrino beam from * Sign of &m’,,

a factory * Probing CP violation in leptonic sector
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Near Detector Challenges = oo

Building the near detectors needed for this high intensity environment will
be a new important challenge. We will soon get important experience from >
Minerva and T2K. bioers | Tracker

Detector

- Need to measure flux, flavor composition and x-sections required for all oscillation analyses.
- This is a particular challenge where the far detector is water Cherenkov.
- The fluxes differ near to far and there are large x-section uncertainties for NC pion backgrounds.
- Anticipated backgrounds:
- intrinsic v,
- NC events which mimic intrinsic v, appearance such as single nt° events

Far/Near Flux Ratio NC Pion Production
(L=280m, R=2m, FD at 1297 km, ND at 1 km) NC Resonant Single Pion Production
o 1.8 . . . o~ 0.25
: Preliminary The high energy tail YVI|| [ | /.
% 16} generate NC interactions ?2 o Rt R B T 100, €.R B Ar
gL / in the signal region. Sos -
12 / T e. :
PN Uncertainties are large. == ..
o _l_l_l—_'_'_._'_,_, ..... >
0.8 * r .
|

4 G
True Newtrino Eneray §16ts /Info from Sam Zeller / Christopher Mauger for the LBNE ND group. F (GeV)
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Conclusion

The next generation of experiments will be in the 100
— 500 kton range.

Water and LAR are the two most probable choices at
DUSEL.

W(C can be optimized for cost/physics topic

LAR needs experience to scale up and choose a
approach for giant detectors.

In the longer term there may be even more difficult
challenges.

Remember proton decay and astrophysics!



